In order to increase protease stability of a novel Trp-rich model antimicrobial peptide, K6L2W3 (KLWKKWKKWLK-NH2) and investigate the effect of L-amino acid to peptoid residue conversion on biological functions, we synthesized its antimicrobial peptoid, k6l2w3. Peptoid k6l2w3 had similar bacterial selectivity compared to peptide K6L2W3. The bactericidal rate of k6l2w3 was somewhat slower than that of K6L2W3. Peptoid k6l2w3 exhibited very little dye leakage from bacterial outer-membrane mimicking PE/PG liposomes, as observed in K6L2W3, indicating that the major target site of K6L2W3 and k6l2w3 may be not the cell membrane but the cytoplasm of bacteria. Trypsin treatment of K6L2W3 completely abolished antimicrobial activities against Escherichia coli and Staphylococcus aureus. In contrast, the antimicrobial activity of k6l2w3 was completely preserved after trypsin treatment. Taken together, our results suggested that antimicrobial peptoid k6l2w3 can potentially serves as a promising therapeutic agent for the treatment of microbial infection.
Introduction
Antimicrobial peptides (AMPs) are produced in a wide variety of organisms and represent key components of the innate immune system, providing a fast acting weapon against invading pathogens including bacteria, fungi, and yeast. [1] [2] [3] [4] They have emerged as a potential new class of antimicrobial agents with new modes of actions. 5 There are AMPs which are rich in a certain specific amino acid such as Pro, Trp, or Arg. 6 The amino acid Trp is of particular interest with regard to the partitioning of peptides into lipid membranes because of its propensity to position itself near the membrane/water interface. 7, 8 Due to these important features of Trp residues in peptide-membrane interaction, the structure and mechanism of action of Trp-rich AMPs such as indolicidin and tritrpticin have been studied recently. [7] [8] [9] [10] Although indolicidin and tritrpticin display potent antibiotic activity against a wide range of targets, including Gram-positive and Gram-negative bacteria, fungi, protozoa and some virus, their relative high toxicity against human erythrocytes and normal mammalian cells prevents their therapeutic application as antimicrobial agents. [9] [10] [11] [12] [13] In the previous study, we developed a novel short Trp-rich model antimicrobial peptide, K6L2W3 (KLWKKWKKWLK-NH2) with much higher bacterial selectivity than the naturallyoccurring Trp-rich AMP, indolicidin.
14 This peptide showed a potent antimicrobial activity with MIC ranging between 2 µM to 8 µM, but no hemolytic activity even at concentration of 400 µM. 14 A major limitation of antimicrobial peptides is inactivation by endogenous proteases. Poor protease stability severely limits the clinical use of many therapeutic peptides composed L-amino acids. [15] [16] [17] [18] Also, K6L2W3 can easily inactivated by the protease such as trypsin.
Peptoid (N-alkylglycyl) residues are imino acids because their side chains are shifted from the α-carbon position to the N-position. Peptoids generally exhibit greater proteolytic stability and bioavailability than their respective peptides. 19 Peptoids have been found to be potential drugs as discovered from peptidomimetic libraries 20 and determined to be effective molecular transporters via their enhancement of the cellular uptake of agents. 21 In another interesting application, Leu peptoid residues (Nleu) has been introduced as a substituted proline into synthetic collagen-like structures. 22 In this study, to increase the stability of K 6 L 2 W 3 to the protease and investigate the effect of L-amino acid to peptoid residue conversion on biological functions, we synthesized the antimicrobial peptoid, k6l2w3 (klwkkwkkwlk-NH2) to K6L2W3. Cell selectivity of the peptides was investigated by assessing their antimicrobial activity against gram-positive and gramnegative bacterial strains and their hemolytic activity against human red blood cells. To gain insight into the mechanism of bactericidal action of the peptides, we examined the leakage of calcein from PE/PG (7:3, w/w) liposomes which mimic the outer leaflet of the plasma membrane of bacteria. Furthermore, in order to assess the potential of k6l2w3 as a therapeutic antimicrobial agent, its stability toward tryptic digestion was examined.
Materials and Methods
Materials. Rink amide 4-methylbenzhydrylamine (MBHA) resin and 9-fluorenylmethoxycarbonyl (Fmoc) amino acids were obtained from Calbiochem-Novabiochem (La Jolla, CA). Other reagents used for peptide synthesis included trifluoroacetic acid (TFA; Sigma), piperidine (Merck), dicyclohexylcarbodiimide (DCC; Fluka), N-hydroxybenzotriazole hydrate (HOBT; Aldrich) and dimethylformamide (DMF, peptide synthesis grade; Biolab). Phosphatidylcholine (PC, from egg yolk), phosphatidylethanolamine (PE, from egg yolk), phosphatidylglycerol (PG, from egg yolk), cholesterol, calcein and trypsin (from Small letters represent peptiod residues. k:
a Molecular masses of the peptides were determined by MALDI-TOF MS.
bovine pancreas, EC 3.4.21.4) were purchased from Sigma Chemical Co (St. Louis, MO). All other reagents were of analytical grade. The buffers were prepared in double glass-distilled water.
Peptide synthesis. The peptide K6L2W3 shown in Figure 1 -a were synthesized by the standard Fmoc-based solid-phase method 23, 24 on rink amide MBHA resin (0.54 mmole/g). DCC (dicyclohexylcarbodiimide) and HOBt (N-hydroxybenzotriazole) were used as coupling reagent, and ten-fold excess Fmocamino acids were added during every coupling cycle. After cleavage and deprotection with a mixture of trifluoroacetic acid/ water/thioanisole/phenol/ethanedithiol/triisopropylsilane (81.5:5:5:5:2.5:1, v/v/v/v/v/v) for 2 h at room temperature, the crude peptide was repeatedly extracted with diethyl ether and purified by reverse phase HPLC on a preparative Vydac C18 column (15 µm, 20 × 250 mm) using an appropriate 0 -90% water/acetonitrile gradient in the presence of 0.05% trifluoroacetic acid. The final purity of the peptides (> 98%) was assessed by reverse phase HPLC on an analytical Vydac C18 column (4.6 mm × 250 mm, 300 Å, 5-µm particle size).
Peptoid synthesis. The peptoid k6l2w3 shown in Figure 1 -b was synthesized manually using a modification of the submonomer method (Figure 2) . 25 Rink Amide AM resin (100mg, 0.061 mmol, 1 equiv.) was added to a fritted polypropylene tube followed by DMF (5 mL), and was swelled for 20 min with agitation. Next, the Fmoc protecting group was removed by treatment with 20% piperdine (2 mL) in DMF for 15 min. The resin was washed with DMF. Then, the amine on solid phase was bromoacetylated with 0.6 M solution of bromoacetic anhydride in DMF (1 mL, 0.6 mmol, 10 equiv.). The reaction was agitated for 90 min at room temperature. This acylation step was repeated once. The resin was rinsed with DMF to remove excess reagent. Then, displacement reactions were performed by addition of appropriate primary amine [1.2 mmol, 20 equiv. Isobutylamine for Nleu (Leu peptoid residue), Tryptamine for Nhtrp (Trp peptoid residue), N-Boc diaminobutane for Nlys (Lys peptoid residue)] as 1.5 M solution in DMF, followed by agitated for 3 h at room temperature. The resin was washed with DMF to remove excess reagent. Peptoid was elongated by successive repetition of the above two steps until the desired sequence was obtained. After, deprotection and purification of crude peptoid were performed as described in the section of peptide synthesis. The molecular mass of purified peptide and peptoid was determined by MALDI-TOF MS (matrix-assisted laser desorption/ionization time-of-flight mass spectrometry) (Shimadzu, Japan) ( Antimicrobial activity and kinetics of killing. The antimicrobial activity of the peptides against 3 gram-positive bacterial strains and 3 gram-negative bacterial strains was examined by using the broth microdilution method. [26] [27] [28] [29] To determine the salt sensitivity of the antimicrobial activity, the peptides were incubated at 37 Dye leakage. Calcein-entrapped LUVs (large unilamellar vesicles) composed of PE/PG (7:3, w/w) were prepared by vortexing the dried lipid in dye buffer solution (70 mM calcein, 10mM Tris, 150 mM NaCl, 0.1 mM EDTA, pH 7.4). The suspension was subjected to 10 frozen-thaw cycles in liquid nitrogen and extruded 21 times through polycarbonate filters (two stacked 100-nm pore size filters) with a LiposoFast extruder (Avestin, Inc. Canada). Untrapped calcein was removed by gel filtration on a Sephadex G-50 column. The concentration of calcein-entrapped LUVs was determined in triplicate by phosphorus analysis. 30 Calcein leakage from LUVs was monitored at room temperature by measuring fluorescence intensity at an excitation wavelength of 490 nm and emission wavelength of 520 nm on a model RF-5301PC spectrophotometer. Complete dye release was obtained by using 0.1% Triton X-100. The percentage of dye leakage caused by the peptides was calculated as follows:
where F is the fluorescence intensity achieved at 3 min after peptide addition, and F0 and Ft represent fluorescence intensities without the peptides and with Triton X-100, respectively.
Stability to tryptic digestion. Bacteria (E. coli and S. aureus) were grown overnight for 18 h at 37 o C in 10 mL of LB broth and then 10 µL of this culture was inoculated into 10ml of fresh LB and incubated for an additional 3 h at 37 o C to obtain midlogarithmic phase organisms. Digestion of each peptide by trypsin was carried out using 50 µg/mL peptide and 0.2 µg/mL trypsin in 50 mM Tris-HCl buffer, pH 7.5 at 37 o C for 1 h. The reaction solution (50 µL) was added to 150 µL of a bacterial suspension (2 × 10 6 CFU/mL in 1% peptone). After incubation at 37 o C for 18 -20 h, the bacterial growth inhibition was determined by measuring absorbance at 600 nm with a Microplate autoreader EL 800 (Bio-Tek Instruments).
Results and Discussion
K6L2W3 and its peptoid k6l2w3 exhibited a similar antimicrobial activity with MIC ranging between 2 µM to 8 µM (Table 2 ). In the hemolytic activity, peptide/peptoid did not induce any hemolysis even at the high concentration of 800 µM (Table 2) . To determine bacterial selectivity of the peptides, we calculated their therapeutic index (TI) as a measure of the relative safety of the drug. [31] [32] [33] The TI of the peptides was calculated as the ratio of the HC50 that produced 50% hemolysis against human red blood cells to the average MIC value against six selected microorganisms. Larger values of TI correspond to greater bacterial selectivity. As shown in Table 2 , the peptoid k6l2w3 had similar bacterial selectivity compared to the peptide K6L2W3.
Next, we investigated the kinetics of antimicrobial activity to compare the rate at which these two peptides kill gramnegative Escherichia coli and gram-positive Staphylococcus aureus. We compared the killing kinetics of K6L2W3 and k6l2w3 against E. coli and S. aureus at intervals of 0 min, 10 min, 30 min, and 60 min at the concentration of 8 µM (1 or 2 × MIC). As shown in Figure 3 , K6L2W3 and k6l2w3 killed nearly E. coli and S. aureus within 10 min and 30 or 60 min, respectively, suggesting the bactericidal rate of k 6 l 2 w 3 is somewhat slower than that of K6L2W3. In our previous study, K6L2W3 displayed very little dye leakage from PE/PG (7:3, w/w) liposomes which mimics the outer membrane of bacteria. 14 Furthermore, K6L2W3 penetrated the cell membrane and accumulated in the cytoplasm of E. coli and bind strongly to DNA.
14 As observed in K6L2W3, the peptoid, k6l2w3 exhibited less dye leakage from PE/PG liposomes (Figure 4) . These results indicated that the major target site of K 6 L 2 W 3 and k 6 l 2 w 3 may be not the cell membrane but the cytoplasm of bacteria.
A major limitation to the development of cationic antimicrobial peptide as human therapeutics is their inactivation by endogenous proteases. [15] [16] [17] [18] Poor protease stability severely limits the clinical use of many therapeutic peptides. 34, 35 Of great concern are trypsin-like proteases that abound in the body and are selective for basic residues. Trypsin specifically catalyzes the hydrolysis of C-terminal amide bonds of lysine and arginine, making it an ideal tool in the present study, since the peptides possess six Lys residues. For this reason, the stability of the peptides toward tryptic digestion was examined. The peptides were pretreated with trypsin and their residual antimicrobial activity was assayed by the broth microdilution assay. As shown in Figure 5 , trypsin treatment of K6L2W3 completely abolished antimicrobial activities against E. coli and S. aureus. In contrast, the antimicrobial activity of k6l2w3 was completely preserved after trypsin treatment.
Conclusion
In summary, we successfully developed a novel antimicrobial peptoid, k 6 l 2 w 3 with increased protease stability, as well as good bacterial selectivity. Therefore, the peptoid, k6l2w3 can potentially serves as a promising therapeutic agent for the treatment of microbial infection.
